The glycoproteins of herpesviruses and of HIV/SIV are made late in the replication cycle and are derived from transcripts that use an unusual codon usage that is quite different from that of the host cell. Here we show that the actions of natural transinducers from these two different families of persistent viruses (Rev of SIV and ORF57 of the rhesus monkey rhadinovirus) are dependent on the nature of the skewed codon usage. In fact, the transinducibility of expression of these glycoproteins by Rev and by ORF57 can be flipped simply by changing the nature of the codon usage. Even expression of a luciferase reporter could be made Rev dependent or ORF57 dependent by distinctive changes to its codon usage. Our findings point to a new general principle in which different families of persisting viruses use a poor codon usage that is skewed in a distinctive way to temporally regulate late expression of structural gene products. 
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codon usage | SIV Rev | RRV ORF57 | glycoprotein induction | temporal regulation S ome viruses are able to maintain lifelong infections in their natural host despite strong host immune surveillance measures. Such persisting viruses include members of the herpes, lenti-retro, polyoma, papilloma, adeno, and parvo families of viruses. It is perhaps no accident that these six families of persisting viruses strictly regulate their gene expression in a temporal fashion. Structural proteins are made late in the virus replication cycle and expression of these late gene products is typically induced by viral transinducers made earlier in the viral replication cycle. A variety of strategies are used by different persisting viruses to achieve this temporal regulation of structural gene expression; these include both transcriptional and posttranscriptional mechanisms. The γ herpesviruses encode a transcription factor called ORF50/RTA that is expressed immediate early and that can act on the promoters of a variety of herpesviral genes expressed during the lytic cycle of replication (1) (2) (3) ; the herpesviral-encoded ORF57 family of proteins act posttranscriptionally to facilitate expression of the late structural genes (4-7).
Bilello et al. noticed an uncanny set of similarities when comparing the expression of the viral-encoded envelope glycoproteins of lenti-retroviruses (the gp160 of the human immunodeficiency virus, HIV, and the simian immunodeficiency virus, SIV) and of the viralencoded envelope glycoproteins of the herpesviruses (8) . Glycoprotein H of the γ-2 herpesvirus of rhesus monkeys called RRV (rhesus monkey rhadinovirus) has been used as the example for some of these comparisons (8) . Expression of both gp160 and RRV gH is temporally regulated such that each is made late in the lytic cycle of these persisting viruses. Both gp160 and gH have an unusual, skewed codon usage. If one puts a strong promoter (such as the cytomegalovirus (CMV) immediate early promoter/enhancer) in front of each reading frame and transfects the expression cassette into human embryonic kidney (HEK) 293T cells, essentially no protein expression can be detected. There are two ways in which protein expression can be rescued in these assays: by changing the codon usage to one more compatible with expression or by providing the natural viral-encoded transinducer in trans. For HIV and SIV, the natural transinducer is the early viral gene product called regulator of virion expression (Rev). For RRV, the natural transinducer is the early viral gene product called ORF57. The levels of viral glycoprotein expression from a sequence whose codon usage has been ideally altered far exceed those from the natural coding sequence even when optimal levels of transinducer are provided (7, 8) . These observations prompted us to investigate further the influence of codon usage on the regulated expression of viral genes.
Results
Induction of SIV gp160 and RRV gH Expression from Codon-Modified Sequences. Comparison of the codon usage of SIV gp160 with that of RRV gH revealed several codons that were overrepresented in one sequence but not the other, i.e., the nature of the unusual skewed codon usage was different ( Fig. 1A and Table S1 ). Six codons were selected based on their bias of usage. To make SIV gp160 more gH-like in its codon usage, codons were changed in a way that reduced the usage of codons that have relatively high frequencies in SIV gp160 and/or increased the usage of codons that have relatively high frequencies in RRV gH. The opposite codon changes were performed to make RRV gH more gp160-like in its codon usage. More specifically, six codons (AGG, GAG, CCT, ACT, CTC, and GGG) in SIV gp160 were changed to CGT, GAA, CCG, ACG, TTA, and GGA, respectively. The number of altered codons was 93, which comprised 10.5% of the total codons in SIV gp160 (Table S1 ). The codon changes in SIV gp160 and RRV gH were distributed rather evenly throughout the entire coding region (Fig. 1B and Fig. S1 A and B) . The Rev response element (RRE) region in SIV gp160 was not codon modified; the 1,520-1,876 nucleotide stretch that contains the RRE (9, 10) was left intact. A splicing donor (SD) sequence was also present in front of the ATG start codon of each coding sequence because it is required for efficient Rev-mediated induction as has been previously
Significance
We describe here that different families of persisting viruses consistently use highly unusual codon usage for synthesis of their structural gene products; that the specific nature of the skewed codon usage differs fundamentally from one virus family to another; and that viral-encoded regulatory proteins (specifically Rev of HIV/SIV and ORF57 of herpesviruses) recognize the specific nature of the skewed codon usage to allow expression of their structural gene products. The data include a stunning demonstration of the ability to flip Rev inducibility and ORF57 inducibility simply by changing the nature of the codon usage in the target gene. noted (11, 12) . The frequencies of A, G, C, and T in the codonmodified gp160 construct differed only very modestly from the parental reading frame from which it was derived (Table S2) .
Expression of SIV gp160 from the expression cassette with natural codon usage and the strong CMV immediate early promoter/enhancer was not detectable in the absence of any inducer (Fig. 1C, lane 1) , but was readily detectable in the presence of its natural inducer, Rev (Fig. 1C, lane 2) , as has been repeatedly observed in many previous studies (12, 13) . However, little if any induction of SIV gp160 expression from this cassette was observed in the presence of ORF57 (Fig. 1C, lane 3) , indicating a specific induction of SIV gp160 by Rev but not by ORF57. The codonmodified version of the SIV gp160 expression cassette showed completely different results. The codon-modified (gH-like) SIV gp160 also showed little or no expression in the absence of transinducer (Fig. 1C, lane 4) . Surprisingly, the codon-modified gp160 cassette yielded very little expression in the presence of the natural inducer, Rev, even though it still contained the cis-acting sequences RRE and SD that are known to be required for Rev-mediated induction (Fig. 1C, lane 5) . However, expression of this cassette was now very strongly induced by the heterologous inducer, ORF57 (Fig. 1C, lane 6 ). In the absence of SD, induction of unmodified gp160 by Rev was lost (Fig. 1C, lane 8) while that of codon-modified (gH-like) gp160 by ORF57 was not affected (Fig. 1C, lane 12) . Thus, we were amazingly able to switch the induction pattern of SIV gp160 simply by changing the codon use.
We next sought to do similar experiments by modifying the RRV gH coding sequence to make it more resemble the codon use of SIV gp160 (Fig. 1E) . Again, six codons were changed but this time in the exact opposite direction of what was used for the codon changes performed with SIV gp160. CGT, GAA, CCG, ACG, TTA, and GGA in RRV gH were changed to AGG, GAG, CCT, ACT, CTC, and GGG, respectively. The number of altered codons in RRV gH was 104, amounting to 14.3% of its total codons (Table  S1 ). Again, the frequencies of A, G, C, and T in the codon-modified construct differed only very modestly from the parental gH reading frame from which it was derived (Table S2 ). The RRV gH expression cassette with the natural codon usage was inducible by adding its homologous inducer, ORF57, but not by Rev (Fig. 1D , lane 2 and 3). However, as observed with codon-modified gp160 above, we could completely switch the induction pattern of RRV gH simply by changing its codon usage. The codon-modified (gp160-like) version of gH was inducible by Rev but not by ORF57 (Fig. 1E , lane 5 and 6). No Rev-mediated induction was observed in the absence of SD and RRE (Fig. 1E, lane 11) , showing the necessity of these cis-acting elements for Rev activity in addition to the nature of the codon usage. Inductions by ORF57 (the natural gH sequence and the codon-modified gp160 sequence) occurred whether or not the splice donor was present (Fig. 1E , lane 3 and 9).
In parallel with the protein expression measurements, we also measured the corresponding RNA level in each condition by quantitative real-time PCR (qPCR) using a gp160-or gH-specific probe set. Overall, the RNA levels generally reflected the levels The coding sequences of SIV239 gp160 and RRV gH were analyzed using the GCUA software (gcua.schoedl.de/) (40) . The use of each indicated codon in RRV gH as percent of all codons for that particular amino acid is plotted vs. that for gp160 using a XY scatter plot with a linear regression line and a coefficient of determination (R 2 ). Codons with the most skewed usage between the two sequences are those most extensively deviated from y = x line. To generate a codon-modified (gH-like) SIV gp160, some codons of SIV gp160 (empty colored circles) were changed into corresponding synonymous codons (filled colored circles) to reflect the codon usage of RRV gH. To generate a codon-modified (gp160-like) RRV gH, codon changes were performed in the exact opposite direction. (B) Schematic representation of expression cassettes with the codon-modified (gH-like) SIV gp160 and codon-modified (gp160-like) RRV gH sequence. Splicing donor (SD) sequence (indicated by gray arrow, aaacaagtaagt), and Rev-response element (RRE, red colored box) are shown. Each codon change is represented by a vertical line in the gp160 and gH box. Note that there were no codon changes in the RRE region. (C) Expression cassettes of SD-gp160 with the unmodified (U) (lanes 1, 2, and 3) or codon-modified (M, gHlike) SIV gp160 sequence (lanes 4, 5, and 6), and gp160 (no SD) with the unmodified (U) (lanes 7, 8, and 9) or codon-modified (M, gH-like) SIV gp160 sequence (lanes 10, 11, and 12) were transfected into HEK 293T cells together with either control, Rev, or ORF57 expression plasmid. The cells were harvested at 46 h after transfection and proteins were subjected to SDS/PAGE and immunoblotting. The expression of gp160 was detected using the 3.11H antibody. The expression of ORF57 and Rev was detected using a v5 antibody. (D) The total levels of gp160 RNA (copies per microgram) were measured by qPCR. (E) Expression cassettes of gH with the unmodified (U) or codon-modified (M, gp160-like) RRV gH sequence with or without flanking SD and RRE sequences was transfected into HEK 293T cells together with either control, Rev, or ORF57 expression plasmid. The cells were harvested at 46 h after transfection and proteins were subjected to SDS/PAGE and immunoblotting. The expressions of RRV gH, ORF57, and Rev were detected using a v5 antibody. The two bands for RRV gH appear to correspond to two bands previously noted for the gH of the closely related Kaposi sarcoma herpesvirus (46) . (F) The total levels of gH RNA (copies per microgram) were measured by qPCR.
of protein expression (Fig. 1 D and F) . Compared with the control, the level of unmodified gp160 RNA was increased by approximately sixfold in the presence of Rev (Fig. 1D, lane 2) and that of codon-modified (gH-like) gp160 RNA was increased by approximately threefold in the presence of ORF57 (Fig. 1D, lane  6 ). In the absence of SD, the enhancement of RNA level in the former but not the latter was disrupted (Fig. 1D, lane 8 and 12) .
To examine the influence of codon usage in a completely different system other than RRV gH and SIV gp160, we changed the coding sequence of firefly luciferase to make it either SIV gp160-like or RRV gH-like in its codon usage. The resulting codonmodified luciferase sequences showed very skewed patterns of codon usage compared with the parental luciferase sequence (Fig. S2  A and B) . Both codon-modified cassettes showed drastic reductions in the basal level of firefly luciferase expression as expected: parental (862) vs. gp160-like (1) vs. gH-like (14) in relative light units (RLU). Expression of firefly luciferase from the expression cassette with gp160-like codon usage was efficiently induced by Rev but much less so by ORF57, whereas firefly luciferase expression from the cassette with gH-like codon usage was preferentially induced by ORF57 but much less so by Rev (Fig. 2A) . When there were no SD and RRE, Rev-mediated induction of gp160-like luciferase disappeared, whereas ORF57-mediated induction of gH-like luciferase did not (Fig. 2B) , consistent with the gp160 and gH induction results. Again, the luciferase RNA levels reflected to a reasonable extent the luciferase activities in each sample (Fig. 2, Lower) .
Our creation of a Rev-inducible luciferase reporter appears analogous to the creation of a Rev-inducible GFP reporter by Graf et al. (14) . However, in contrast to Graf et al. (14) who used massive G→A and C→A substitutions and an increase in A content from 24.2% to 45.7%, our Rev-inducible luciferase reporter is only marginally different in AGCT content compared with the parental sequence from which it was derived (Table S2) .
Contributory Sequences Are Distributed. We next sought to address whether the sequence changes that impart ORF57 inducibility and loss of Rev inducibility to gp160 could be localized to discrete segments of the gp160 reading frame (Fig. 3 and Fig. S3) . Constructs with the Arg + Leu changes alone, the Glu + Gly changes alone, or the Pro + Thr changes alone were able to impart only a low level of ORF57 inducibility, far short of the full effect that was seen with the full set of six codons changed. Also, they retained most of Revmediated inducibility. We next exchanged all six codons in specific, confined regions of the gp160 sequence. Codon changes in the N-terminal 1/3 region had more significant impact than those in the middle or C-terminal 1/3 region. Induction of gp160 by Rev was more diminished in the 1/3N than in the 1/3M or 1/3C construct. Induction of gp160 by ORF57 was quite prominent in the 1/3N but not in the 1/3M or 1/3C construct. Codon changes in only a small portion (1/12N) of the gp160 sequence caused an impressive loss of Rev-mediated induction but only a slight induction by ORF57. Impressive induction of codon-modified gp160 by ORF57 required codon changes in 1/4 or more at the N terminus of gp160, and the degree of induction was proportional to the length of gp160 N-terminal sequence that had codon changes. Based on these results, we conclude that the N-terminal region of gp160 is critical to impart the Rev-or ORF57-mediated induction in a codon usage-dependent manner. The data on which this mapping summary (Fig. 3) are based can be found in Fig. S3 .
Elicitation of Anti-env Antibodies by Recombinant RRV with CodonModified gp160 Sequences. In previous studies with recombinant RRV-SIVenv that used the CMV immediate early promoter and a codon-altered version of gp160 gene sequences that had been optimized for expression in an unregulated fashion, anti-gp160 antibodies were not elicited upon monkey infection (15) . We thus constructed a recombinant RRV using the codon-modified version of gp160 sequences whose expression should now be temporally regulated as a late gene product. The CMV immediate early promoter was again used for this new recombinant RRV. When early passage rhesus fibroblasts were infected with recombinant RRV at low multiplicity of infection, RRV-SIVenv with Fig. 2 . Induction of luciferase from the expression cassettes with unmodified and codon-modified luciferase sequences. The coding sequence of parental firefly luciferase was modified to make it gp160-like or gH-like. In addition to the six codon changes shown in Table S1 , the following additional synonymous codon changes were made. For gp160-like, GCC→GCA, CGC→AGG, CGG→AGG, AAC→AAT, TGC→TGT, ATC→ATA, CTG→TTG, CCG→CCA, TAC→TAT, and GTT→GTA. For gH-like, GCC→GCA, GAC→GAT, TGC→TGT, ATC→ATA, CTC→TTG, CTG→TTA, AAG→AAA, TTC→TTT, TAC→TAT, and GTC→GTA. Each luciferase sequence was flanked by splicing donor (SD) sequence and the Rev-responsive element (RRE) in A. No SD and RRE were added in B. The levels of firefly luciferase expression from each expression cassette in the presence of empty vector, ORF57, or Rev were measured after transfection of corresponding plasmid DNAs into HEK 293T cells. The cells were harvested at 46 h after transfection. The levels of renilla luciferase expression from a pRL-SV plasmid (Promega) were used to calibrate the transfection efficiency among the samples. Shown are representative results for three independent experiments done in triplicate. Error bars indicate SD. RLU, relative light units. The calibrated level of firefly luciferase activity from the transfection of gp160-like luciferase sequence (with SD and RRE) in the presence of empty vector was set as 1 RLU. The RLU value of each transfection was indicated above the corresponding bars. Shown at the bottom are the corresponding luciferase RNA levels measured by qPCR.
gH-like codon usage displayed replication kinetics and peak levels of virus production that were indistinguishable from those of RRVSIVenv with optimized codon usage for the env cassette (Fig. S4A) . However, levels of SIVenv expression in the infected cells appeared to peak later with the RRV-SIVenv with gH-like codon usage, consistent with temporally regulated expression (Fig. S4B) . Upon experimental infection of rhesus monkeys, anti-gp160 antibody responses were now readily measured (Fig. 4A) . These antibodies have persisted for more than 1 y and were capable of neutralizing SIV316 (Fig. 4 A and B ) in vitro. It should be noted that anti-gp160 antibody responses were also not achieved with a recombinant CMV that used a codon-optimized version of gp160 sequences (16, 17) .
Codon Usage for Structural Gene Products of Additional Virus Families.
We analyzed codon usage for structural gene products of representative members of six families of classically persisting viruses. All have temporal regulation of viral gene expression such that structural gene products are made late in the replication cycle. These six are RRV of the γ-2 subgroup of herpesviruses; HIV/SIV of the lentivirus subgroup of retroviruses; HPV16 of the papillomavirus family; SV40 of the polyomavirus family; human adenovirus 2 of the adenovirus family; and B19 in the parvovirus family. Compared with codon usage of the human exome, all six structural gene products exhibited marked skewing of codon usage, with R 2 values ranging from 0.25 to 0.50 (average, 0.35; Fig. 5A ). We then compared these values to values for structural gene products of representative members of five families of acute, nonpersisting viruses. These nonpersisting virus families were selected on the basis of not exhibiting temporal regulation of viral gene expression. These five are poliovirus in the picornavirus family; measles virus in the paramyxovirus family; Ebola virus in the filovirus family; rabies virus in the rhabdovirus family; and yellow fever virus in the flavivirus family. Codon usage for the structural gene products of these five nonpersisting viruses was much more aligned with the codon usage in the human exome (Fig. 5B) . R 2 values ranged from 0.67 to 0.87 (average, 0.74). These differences are statistically significant (P < 0.0001 by an unpaired t test). Some of the other families of acute, nonpersisting viruses exhibit temporal regulation of viral gene expression, and at least some of these, for example, coronaviruses and arenaviruses, possess a skewed codon usage for their structural gene products.
Finally, we asked whether the expression limitations imposed by the skewed codon usage for RRV and SIV reported here could be extended to other persisting virus families. Expression of SV40 VP1 and rhesus papillomavirus L1 from an expression cassette with natural codon usage was below the limit of detection, whereas codon optimization of VP1 and L1 coding sequence led to readily detectable levels of expression (Fig. S5) .
Discussion
Our data show that Rev induction of Env protein expression depends on the nature of the skewed codon usage. Rev inducibility was lost when 10.5% of the codons were replaced with synonymous codons reflecting the codon usage of RRV gH. While it had been previously known that Rev induction depended on the Rev response element (the RRE) and the presence of a splice donor upstream of the coding sequence (11, 18) , the dependence on the nature of the skewed codon usage had not been previously known, although publications by Graf et al. (14) and Shuck-Lee et al. (19) are consistent with it. Similarly, our data show that ORF57 induction of RRV gH protein expression also depends on the nature of the skewed codon use. ORF57 inducibility was lost when 14.3% of the codons were replaced with synonymous codons, reflecting the skewed codon usage of SIV gp160. Again, this dependence of ORF57-inducing activity on the nature of the skewed codon usage had not been previously known. Remarkably, Rev dependence of gp160 expression can be flipped to ORF57 dependence simply by changing the nature of the codon usage; similarly, ORF57 dependence of RRV gH expression can be flipped to Rev dependence simply by changing the nature of the codon usage (Fig. 1 ). Furthermore, it was possible to make firefly luciferase expression heavily dependent on ORF57 or Rev by imparting distinctive, synonymous changes to codon usage (Fig. 2) . It is important to note that no complicated algorithms have been used, at least to date, to select the codon biases that have resulted in this remarkable flip in dependencies.
Although our data unambiguously make the case for the importance of the nature of aberrantly skewed codon usage for the specificity of transinduction across these two families of persisting viruses, it should by no means be assumed that this is the only mechanism for regulating late structural gene expression or that the specific mechanisms of codon usage dependence is necessarily the same across multiple families. Although the early literature emphasized the effects of Rev in regulating the egress of unspliced and minimally spliced RNAs out of the nucleus (18, 20) , a large body of literature has also emphasized the effects of Rev on expression of RNA in the cytoplasm (21-24) and on other regulatory effects (23, Fig. 3 . Summary of induction of gp160 by Rev and ORF57 using altered coding sequences. HEK 293T cells in each well of a six-well plate were transfected with 1.5 μg plasmid DNA of the gp160 constructs and 0.5 μg each inducer (Rev or ORF57) and cultured for 42-48 h before harvest. Protein input was normalized using a Bradford assay. The level of SIV239 gp160 in the harvested cell pellets was detected by immunoblotting. Very little or no expression is denoted with a minus (−) sign, and the relative degree of induction of each construct is represented with varying numbers of a plus (+) sign. 
25-27
). The literature is similarly diverse for the posttranscriptional effects of ORF57 of γ-2 herpesviruses with respect to RNA egress, RNA stability, and translation (7, (28) (29) (30) (31) . It is important to note that the efficiency of translation can have dramatic effects on RNA stability and consequently the levels of RNA and that such effects on stability will vary markedly with the individual RNA (32) .
An unusual, skewed codon usage for structural gene products is not confined to the lenti-retro and herpes groups of persisting viruses. Structural gene products of the polyoma, papilloma, adeno, and parvo families of persisting viruses also have unusual, skewed codon usage patterns compared with that of the human exome. All six have early → late transitions for expression of structural gene products. We put a strong promoter in front of four of these, and this yielded essentially no detectable protein expression under transfection conditions that yielded very strong levels of expression of their codon-optimized versions (Fig. S5) . These results alone provide suggestive evidence that multiple families of persisting viruses use abnormal codon usage to achieve regulated expression of their late structural gene products. Five families of nonpersisting viruses lacking temporal regulation of viral gene expression do not have such a skewed pattern of codon usage for their structural genes; structural genes with natural codon usage from them can be expressed just fine without any codon changes, without any transinducer. It needs to be noted, however, that some families of nonpersisting viruses also use temporal regulation of viral gene expression, and at least some of these exhibit skewed codon usage for their structural gene products.
What exactly is being recognized to achieve the codon usagedependent transinduction is a fascinating question. Synonymous codon changes can sometimes lead to unexpected outcomes by changing the structure of mRNA (33, 34) or protein itself (35, 36) . Using the secondary structure prediction software RNAfold, the overall structure of RNA was predicted to be changed significantly by the synonymous codon changes, whereas the RRE region was not (Fig. S6) . Perhaps even more attractive is the possible contribution of negative regulatory sequences, so-called inhibitory and instability elements, to the poor expression of the natural coding sequences for gp160 and gH (37) (38) (39) . By this scenario, Rev and ORF57 would overcome the negative effects of distinct inhibitory/ instability elements that are imparted by the codon usage of their target RNAs. In other words, codon usage per se may not be the critical factor but rather, distinct negative regulatory elements imparted by the nature of the skewed codon usage. With this scenario, the characteristic codon changes that we used would be postulated to have imparted distinctive inhibitory/instability elements that are distinctly overcome by Rev or by ORF57.
What advantage might temporal regulation of expression of structural proteins provide to persisting viruses? Perhaps in the face of persisting immune responses, highly restrictive temporal regulation of the expression of structural proteins may allow release of at least some progeny virions before immune-mediated destruction. It is fascinating that at least some persisting viruses have independently evolved a skewed, inhibitory codon usage as a means for achieving this temporal regulation.
Our observations on the influence of codon usage have practical utility for the use of persisting viruses as vaccine vectors or vectors for gene therapy. The altered codon usage in our recombinant RRVSIVenv has allowed us for the first time, to our knowledge, to achieve anti-gp160 antibody responses with this herpesvirus vector system.
Materials and Methods
Codon Analysis, Modification, and RNA Secondary Structure. Codon usage was analyzed using the graphical codon usage analyzer (GCUA) software (gcua. schoedl.de/) (40) and Gribskov codon preference plot (41) . Sequence alignment was performed using a MacVector program. Codon adaptation index (CAI) was calculated using JCat (www.jcat.de) (42) . Codon-modified SIVgp160, RRV gH, firefly luciferase, and codon-optimized SV40 VP1 sequences were synthesized in vitro (GenScript). Prediction of RNA secondary structure was obtained using a RNAfold software (rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) (43) .
Plasmids. The cDNA sequences encoding unmodified, codon-modified (gH-like), and expression-optimized SIV gp160 (obtained from George N. Pavlakis, National Cancer Institute, Bethesda, MD) were cloned in pcDNA6-v5-hisA plasmid vector (Life Technologies) with the splicing donor sequence (aaacaagtaagt) in front of the translational start codon of gp160 coding sequence. The cDNA sequences expressing unmodified and codon-modified (gp160-like) RRV gH were cloned in pcDNA6-v5-hisA plasmid vector with or without the splicing donor sequence and the RRE as indicated in Fig. 1B . The cDNA sequences expressing unmodified and codon-modified (gp160-like and gH-like) firefly luciferase were cloned in pcDNA6-v5-hisA plasmid vector with the splicing donor sequence in front of the translational start codon and the RRE after the stop codon. The RRV ORF57 and HIV-1 Rev cDNA sequences (from pCMV-HIV-1, National Institutes of Health AIDS reagent program) were cloned in pEF1-v5-hisA (Life Technologies) and pcDNA6-v5-hisA plasmid vector, respectively. The WT and codon-optimized sequence of SIV gp160, RRV gH, rhPV L1, and SV40 VP1 were cloned in pcDNA6-v5-hisA plasmid.
Transfection. HEK293T cells that had been seeded into six-well plates 1 d earlier were transfected, unless otherwise indicated, with 1.5 μg of gp160 or gH, 0.5 μg of Rev, or ORF57 DNAs using a jetPRIME transfection reagent (Polyplus transfection) and cultured for 42-48 h before harvest. The coding sequences of representative structural gene products from five acute, nonpersistent viruses were analyzed as in A. Listed are poliovirus P1, measles virus HA, Ebola virus gp, rabies virus gp, and yellow fever virus polyprotein sequences. The GeneBank accession number for each sequence is as follows: SIV gp160 (HM800148), RRV gH (AF210726), SV40 VP1 (EF579804), HPV16 L1 (K02718), hAV2 fiber (AY224420), parvovirus B19 vp1 (AY768535), poliovirus P1 (V01149), measles virus HA (AY445032), Ebola virus gp (L11365), rabies virus gp (S72465), and yellow fever virus polyprotein (KM388818).
